Introduction {#Sec1}
============

Type 1 diabetes mellitus (T1DM) is characterized as an autoimmune disease caused by damage to insulin-producing pancreatic β-cells with or without residual functional tissue \[[@CR1]\]. There are many causes of type 1 diabetes, including viral infection, drug effects and autoimmune causes. These factors lead to β-cell apoptosis and an absolute lack of insulin in serum, which causes high blood glucose.

Since Best and Banting identified insulin in 1921, it has been the leading treatment choice for T1DM. However, insulin cannot improve the excessive secretion of glucagon in patients with T1DM \[[@CR2]\]. With the wide application of controlled-release insulin-pump technology and genetically engineered long-acting insulin in recent years, glucose levels in patients with T1DM have been effectively controlled. In fact, it is easy to cause hypoglycemia syncope because of large fluctuations in glucose resulting from uncontrolled release of blood glucose or false physiological rhythms. Tight glycemic control can decrease the probability of diabetes complications, such as hypoglycemia and weight gain \[[@CR3]\]. Currently, drugs that can prevent further progression of the disease or restore the function or quantity of pancreatic β-cells are not available.

Researchers have begun to explore new methods for the treatment of T1DM as they deepen their understanding of the underlying pathogenic mechanism. Gastric inhibitory polypeptide (GIP) and glucagon‐like peptide‐1 (GLP‐1) are secreted by intestinal mucosal endocrine cells after the intake of food. GIP can reduce postprandial blood glucose, promote the synthesis of lipids and stimulate the secretion of glucagon. GLP-1 could be used as an injectable anti-diabetic drug because it has glucose-independent characteristics that promote insulin secretion.

GLP-1 can regulate blood glucose by promoting insulin secretion from pancreatic β-cells, inhibiting inappropriate glucagon secretion from pancreatic α-cells, delaying gastric emptying and controlling appetite. In addition, GLP-1 does not induce insulin secretion at low levels of blood glucose; therefore, it can effectively reduce both glycated hemoglobin levels and the risk of hypoglycemia \[[@CR4], [@CR5]\].

Based on previous studies, combination therapy with insulin and GLP-1RAs can effectively improve glycated hemoglobin levels, cause weight loss and reduce the dosage of insulin in patients with type 2 diabetes mellitus (T2DM) \[[@CR6]\]. According to the 2013 American Association of Clinical Endocrinologists (AACE) drug recommendations, early application of GLP-1RAs has been suggested for patients with T2DM. Many clinical trials have begun to explore the potential of GLP-1RA treatment among patients with T1DM. Several preclinical trials have confirmed that GLP-1 can reduce pancreatic β-cell apoptosis, stimulate their proliferation and enhance their survival rate \[[@CR7]\].

The aim of this article was to provide a meta-analysis regarding the positive effects of GLP-1RAs combined with insulin for the treatment of patients with T1DM.

Methods {#Sec2}
=======

Sources {#Sec3}
-------

This study was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement \[[@CR8]\]. We performed a search for relevant literature in the PubMed, Embase and Cochrane Central Register of Controlled Trials databases for randomized controlled trials (RCTs) conducted between January 1990 and October 2016. The search strategy did not include restrictions on language or race, and the search was performed using the following key words in Embase: 'diabetes mellitus, insulin-dependent':ab,ti OR 'diabetes mellitus, insulin dependent':ab,ti OR 'insulin-dependent diabetes mellitus':ab,ti OR 'diabetes mellitus, insulin-dependent, 1':ab,ti OR 'diabetes mellitus, juvenile-onset':ab,ti OR 'diabetes mellitus, juvenile onset' OR 'juvenile-onset diabetes mellitus':ab,ti OR 'type 1 diabetes mellitus':ab,ti OR 'diabetes mellitus, sudden-onset':ab,ti OR 'diabetes mellitus, sudden onset':ab,ti OR 'mellitus, sudden-onset diabetes':ab,ti OR 'sudden-onset diabetes mellitus':ab,ti OR 'diabetes mellitus, type i':ab,ti OR 'iddm':ab,ti OR 'insulin-dependent diabetes mellitus 1':ab,ti OR 'insulin dependent diabetes' OR 'juvenile-onset diabetes mellitus 1':ab,ti OR 'diabetes, juvenile-onset':ab,ti OR 'juvenile onset diabetes':ab,ti OR 'diabetes mellitus, brittle':ab,ti OR 'brittle diabetes mellitus':ab,ti OR 'diabetes mellitus, ketosis-prone':ab,ti OR 'diabetes mellitus, ketosis prone':ab,ti OR 'ketosis-prone diabetes mellitus':ab,ti OR 'diabetes, autoimmune':ab,ti AND 'glucagon like peptide 1':ab,ti OR 'glucagon-like peptide-1':ab,ti OR 'glp-1':ab,ti OR 'glp 1':ab,ti OR 'exenatide':ab,ti OR 'liraglutide':ab,ti OR 'lixisenatide':ab,ti OR 'albiglutide':ab,ti OR 'semeglutide':ab,ti OR 'incretin':ab,ti OR 'glucagon like peptide-1':ab,ti OR 'byetta':ab,ti OR 'bydureon':ab,ti OR 'victoza':ab,ti OR 'saxenda':ab,ti OR 'lyxumia':ab,ti OR 'tanzeum':ab,ti OR 'dulaglutide':ab,ti OR 'trulicity':ab,ti OR 'taspoglutide':ab,ti AND 'insulin, regular':ab,ti OR 'regular insulin':ab,ti OR 'soluble insulin':ab,ti AND 'insulin, soluble':ab,ti OR 'insulin a chain':ab,ti OR 'sodium insulin':ab,ti OR 'insulin, sodium':ab,ti OR 'novolin':ab,ti OR 'iletin':ab,ti OR 'insulin b chain':ab,ti OR 'chain, insulin b':ab,ti AND 'randomized controlled trial' OR 'placebo' OR 'randomized.' We searched all potentially eligible papers for inclusion in the meta-analysis.

Eligibility Criteria and Data Extraction {#Sec4}
----------------------------------------

Studies were included if they satisfied the following criteria: (1) randomized clinical trial with at least 8 weeks of intervention, (2) compared insulin and GLP-1 agonist combination therapy with other treatments in patients with type 1 diabetes and (3) contained adequate data to calculate 95% confidence intervals (CIs) and mean differences (mds). Retrospective studies were excluded. Trials were selected by two independent investigators (Weihao Wang and Hongyan Liu); a third investigator (Shumin Xiao) was recruited if there were disagreements.

Data were extracted as follows for every included study: first author, year of publication, differential interventions in study groups, duration of interventions, number of patients, mean age, mean baseline glycated hemoglobin (HbA1c) (%), mean baseline weight (kg), mean body mass index (BMI) (kg/m^2^) and mean duration of diabetes. We extracted the mean ± standard deviation (SD) for HbA1c, weight and the insulin dose at the end of intervention. The primary outcome was HbA1c levels at the end of intervention. The authors were contacted if additional data were needed.

This article was based on results from previously conducted studies, and no new studies of human or animal subjects were performed by any of the authors. In the studies included in this meta-analysis, all procedures were performed in accordance with the ethical standards of the responsible committees on human experimentation (institutional and national) and with the Declaration of Helsinki (1964).

Statistical Analyses {#Sec5}
--------------------

We focused on three indicators of the effect of insulin and GLP-1 combination therapy in patients with type 1 diabetes, including glycogenic control based on HbA1c, change in weight and change in insulin dose. Data were analyzed using Review Manager (RevMan), and the results were expressed with forest plots. We assessed HbA1c, weight and insulin dose as continuous variables. The choices of statistical method, analysis and effect measurement were inverse variance, random effects and mean difference, respectively. *I* ^2^ testing was used to evaluate the heterogeneity between each study. *I* ^2^ values of more than 50% indicated high heterogeneity, and additional analyses were performed \[[@CR9], [@CR10]\].

Assessment of Bias {#Sec6}
------------------

Bias was analyzed using the Cochrane Collaboration's tool. Every study was scored as "high," "unclear" or "low" risk. The bias evaluation was based on random sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective reporting (reporting bias) and other biases. Two independent investigators (Weihao Wang and Hongyan Liu) evaluated the quality of the included articles.

Results {#Sec7}
=======

We identified 1093 studies, and 7 were ultimately included in our analysis. Studies were excluded because they were duplicate studies, not relevant, etc. (Fig. [1](#Fig1){ref-type="fig"}). The baseline data for all included studies, including publication year, intervention method and duration, number, mean age, mean baseline HbA1c, mean weight, mean BMI and mean duration of diabetes, are shown in Table [1](#Tab1){ref-type="table"}. There were differential interventions in the study groups, which included four liraglutide groups and three exenatide groups. All studies were published between 2009 and 2016 \[[@CR11]--[@CR17]\]. There were a total of 206 patients, including 101 patients treated with GLP-1 agonist and 105 patients treated with a control. All included RCTs analyzed the curative effect as decreased glycated hemoglobin levels compared between the experimental group and the control group of patients with T1DM.Fig. 1Selection process for the included studies Table 1Baseline data from the included studiesYearDifferential interventions in study groupsDurations of interventionsNumberMean ageMean baseline HbA1cMean baseline weight (kg)Mean body-mass index (kg/m^2^)Mean duration of diabetesKristina I. Rother2009Exenatide versus no exenatide15 months20Not available7.6%Not available25.921.3 yearsY. Hamamoto2012Liraglutide versus no liraglutide12 months1048.5Not availableNot available22.8Not availableK. V. S. Hari Kumar2013Exenatide versus no exenatide12 months1827.79.7%57.321.51.1 monthsGayathri Sarkar2014Exenatide versus no exenatide12 months1437.37.0%Not available26.120.5 yearsThomas Fremming Dejgaard2015Liraglutide versus no liraglutide24 weeks50478.7%93.430.320 years50498.7%9429.825 yearsNitesh D. Kuhadiya2016Liraglutide versus no liraglutide12 weeks16427.84%963321 years17507.69%802830 yearsChristian S. Frandsen2016Liraglutide versus no liraglutide12 weeks1839.58.8%75.8324.1718.33 years1836.18.7%74.8922.7519.56 years

We obtained one forest plot on the effect of the GLP-1 and insulin combination treatment in patients with T1DM. One study reported that the level of HbA1c at the end of intervention in the placebo group was calculated using the following formula: S change2 = S baseline2 + S endpoint2-2\*R\*S baseline\*S end point \[[@CR17]\]. Table [2](#Tab2){ref-type="table"} shows the changes in HbA1c levels in both groups and illustrates that GLP-1 and insulin combination therapy led to a greater reduction in HbA1c \[*P* = 0.03; −0.21; (−0.40, 0.02)\] than the control treatment, with higher heterogeneity (*I* ^2^ = 67%). Sensitivity analysis indicated that this heterogeneity may have resulted from a study by the Frandsen group. We determined that the possible reasons for this outcome may have been a shorter intervention interval (12 weeks) \[[@CR14]\]. Therefore, we think that the GLP-1 and insulin combination treatment can lead to an obvious reduction in HbA1c compared to control treatments.Table 2Forest plot showing the effect of combined glucagon-like peptide-1 receptor agonist (GLP-1RA) and insulin therapy versus control treatments on changes in HbA1c*CI* confidence interval, *SD* standard deviation, *df* degrees of freedom, *IV* inverse variance, *HbA1c* glycated hemoglobin

Six of the included studies assessed weight change before and after treatment \[[@CR12]--[@CR17]\]. One study conducted in Japan did not assess the effect of the GLP-1 and insulin combination treatment on T1DM \[[@CR11]\]. We evaluated the remaining six studies based on weight change. As shown in Table [3](#Tab3){ref-type="table"}, the GLP-1 and insulin combination therapy resulted in an obvious reduction in weight \[*P* \< 0.05; −3.53; (−4.86, 2.19)\] in T1DM patients, without heterogeneity (*I* ^2^ = 0).Table 3Forest plot showing the effect of combined glucagon-like peptide-1 receptor agonist (GLP-1RA) and insulin therapy versus control treatments on changes in weight*CI* confidence interval, *SD* standard deviation, *df* degrees of freedom, *IV* inverse variance

Five studies assessed changes in the daily weight-adjusted total insulin dose \[[@CR12], [@CR13], [@CR15], [@CR16]\]; one study among them did not provide these data at the end of intervention \[[@CR11]\]. Table [4](#Tab4){ref-type="table"} shows that the GLP-1 and insulin combination therapy did not influence the daily weight-adjusted total insulin dose \[*P* = 0.05; −0.11; (−0.23, 0.00)\]. Four studies provided data on changes in the daily weight-adjusted bolus insulin dose after intervention \[[@CR12], [@CR14]--[@CR16]\]. We excluded one study \[[@CR14]\] based on the results of sensitivity analysis because the difference in baseline data between the experimental group and the control group interfered with the conclusion; this excluded paper's conclusion regarding the bolus insulin dose was the same as ours. Table [5](#Tab5){ref-type="table"} shows that the combined treatment of GLP-1 and insulin led to a decrease in the daily weight-adjusted bolus insulin dose \[*P* = 0.001; −0.06; (−0.10, 0.02)\], without heterogeneity (*I* ^2^ = 0).Table 4Forest plot showing the effect of combined glucagon-like peptide-1 receptor agonists (GLP-1RAs) and insulin therapy versus control treatments on changes in the daily total insulin dosage*CI* confidence interval, *SD* standard deviation, *df* degrees of freedom, *IV* inverse variance Table 5Forest plot showing the effect of combined glucagon-like peptide-1 receptor agonist (GLP-1RA) and insulin therapy versus control treatment on changes in the daily bolus insulin dosage*CI* confidence interval, *SD* standard deviation, *df* degrees of freedom, *IV* inverse variance

Five studies described hypoglycemic events \[[@CR12]--[@CR14], [@CR16], [@CR17]\]. Three studies showed no significant differences between treatment and control groups \[[@CR13], [@CR14], [@CR17]\], and two studies showed that combination therapy led to a reduction in hypoglycemic event rates \[[@CR12], [@CR16]\]. Based on these findings, we concluded that the combination treatment does not increase the risk of hypoglycemia.

Four studies showed that the administration of GLP-1 agonists was associated with more frequent adverse gastrointestinal events, such as nausea, dyspepsia, diarrhea and vomiting \[[@CR12]--[@CR14], [@CR17]\]. However, most patients could tolerate and gradually adapt to these side effects, which did not obviously impact the curative effect.

The risks of bias are shown in Fig. [2](#Fig2){ref-type="fig"}. There was a risk of performance bias and selection bias in our meta-analysis. The reason for the bias was that several included studies involved open-label treatments without a blinded strategy. However, we do not think this had a significant influence on the final result.Fig. 2Assessment of bias among the included studies

Discussion {#Sec8}
==========

In the present study, we evaluated the curative effect of GLP-1RA and insulin combination treatment in patients with T1DM. Changes in HbA1c were the primary outcome, and changes in weight and insulin dose were the secondary outcomes. Our results show that the GLP-1RA and insulin combination therapy improved the control of HbA1c better than insulin monotherapy, without an increased risk of hypoglycemia. The combination therapy also led to a significant reduction in weight, which is beneficial for addressing obesity. Additionally, this combination therapy could reduce the daily dosage of bolus insulin without influencing the daily total insulin dose. The only drawback of GLP-1RAs compared with insulin was the occurrence of more frequent adverse gastrointestinal events, which most patients could tolerate. These data support the combined therapeutic regimen of GLP-1RAs and insulin for treating patients with T1DM.

Our meta-analysis confirms that GLP-1RAs plus insulin can improve HbA1c levels in patients with T1DM. Our conclusion is convincing and has acceptable heterogeneity; however, this outcome may be influenced by intervention time, medication dosage, diet, exercise habits and remaining β-cell function. Possible mechanisms include (1) reduced intake of carbohydrates due to delayed gastric emptying caused by the GLP-1 agonist \[[@CR17]\], (2) improved insulin sensitivity, (3) stabilization of the daily fluctuation of glucose levels, (4) promotion of the synthesis and secretion of insulin, (5) suppressed glucagon secretion and (6) an unclear mechanism through which GLP-1 improves systematic insulin-mediated blood glucose utilization (may be associated with the phosphatidylinositol 3-kinase pathway) and insulin sensitivity \[[@CR18]--[@CR20]\]. T1DM is an autoimmune disease characterized by the destruction of pancreatic β-cells. Numerous factors, including genetic and environmental factors, may be involved in triggering T1DM. The ideal therapy for T1DM should prevent the immune system from attacking β-cells. Previous studies have demonstrated that GLP-1RAs promote the synthesis and secretion of insulin, stimulate the neogenesis of β-cells, increase the replication of β-cells and reduce β-cell apoptosis \[[@CR21], [@CR22]\]. Therefore, GLP-1RAs are a potential treatment option for T1DM. The effect of GLP-1 on fasting glucose in T1DM patients depends on blood glucose levels, glucagon levels and remaining β-cell function \[[@CR23]\]. Postprandial blood glucose is regulated by multiple factors, such as the rate and extent of intestinal glucose absorption, the secretion of various hormones (including insulin, glucagon and incretin) and these hormones' influence on the metabolism of the liver and peripheral tissue. GLP-1RAs may stabilize the daily fluctuation of glucose levels in patients with type 1 diabetes. The mechanism of action may be different depending on the remaining number of β-cells in the patient. Postprandial glucose fluctuations can be controlled by transfusing GLP-1 without a bolus of insulin into T1DM patients with positive C-peptide, and the effects may be associated with delayed gastric emptying and lower glucagon levels; endogenous insulin can also act as a hypoglycemic agent. Gutniak et al. \[[@CR24]\] performed the glucose clamp test on T1DM patients with negative C-peptide and reported that infusion of GLP-1 could reduce elevated postprandial blood glucose levels, reduce glucagon levels and increase glucose utilization \[[@CR25]\]. Based on these results, GLP-1 may improve insulin sensitivity, although delayed gastric emptying can reduce the amount of insulin needed after a meal. GLP-1 is now thought to improve insulin sensitivity by indirectly causing weight loss, lowering blood glucose levels and lowering glucagon levels. Our data showed an obvious improvement in HbA1c levels, which is consistent with several studies \[[@CR13], [@CR17], [@CR26], [@CR27]\]; nevertheless, other studies have not detected a statistically significant difference in the level of HbA1c \[[@CR11], [@CR12], [@CR14]--[@CR16]\].

The most common side effects following intensive insulin treatment are weight gain and hypoglycemia \[[@CR3]\]. Combination therapy with insulin and GLP-1RAs can effectively fix this problem. We extracted weight data from a group receiving 1.8 mg of the therapy \[[@CR17]\] because there was heterogeneity caused by a discrepancy in baseline data in the 1.2-mg group. Our statistical analysis showed that combined treatment with GLP-1RAs plus insulin significantly reduced body weight. All included studies reported the same conclusion, and this change in weight may help improve the quality of life in patients with T1DM \[[@CR28]\]. One study \[[@CR17]\] provided three outcomes related to weight loss caused by three different dosages of liraglutide. Both the 1.2 and 1.8-mg liraglutide treatment groups exhibited the same reduction in weight (5 ± 1 kg), which was more than that in the 0.6-mg group (3 kg). These results indicate that the degree of weight loss may be related to the dosage of the GLP-1RAs.

According to the available data, there were no statistically significant changes in the daily weight-adjusted total insulin dose. Four studies presented a definite conclusion that GLP-1RAs can reduce the daily weight-adjusted total insulin dose \[[@CR13], [@CR15]--[@CR17]\], and this outcome may be due to the honeymoon phase in T1DM \[[@CR13], [@CR29]\], the suppression of glucagon or delayed gastric emptying \[[@CR30]\]. However, we concluded that combination therapy obviously reduces the daily weight-adjusted bolus insulin dose, as shown in several studies \[[@CR12]--[@CR17]\], which may influence the daily weight-adjusted total insulin requirement. The limitation of this conclusion is the lack of data from all included studies. We could not obtain a forest plot regarding changes in the daily basal insulin dose because of the lack of data. Data from existing research on the daily insulin requirement did not provide a consistent outcome \[[@CR14], [@CR15], [@CR17]\]. Most studies \[[@CR15], [@CR17], [@CR27], [@CR31]\], except for two \[[@CR12], [@CR16]\], concluded that this type of therapy could not effectively reduce the dosage of basal insulin.

Frandsen and Kuhadiya's studies also discussed the role of GLP-1RA and insulin combination therapy on systolic blood pressure (SBP) \[[@CR12], [@CR17]\], showing an identical mean reduction of 3 mm of mercury (mmHg), compared to control treatments. Furthermore, Kuhadiya's study reported a reduction in the dosage of β-blockers and angiotensin-converting-enzyme (ACE) inhibitors. Another homologous retrospective study reached the same conclusion regarding SBP \[[@CR32]\], and a similar result was found in patients with T2DM \[[@CR33]--[@CR35]\]. The combination therapy may also influence heart rate \[[@CR12]\], and cardiovascular effects should be explored in future RCTs.

Different dosages of GLP-1RAs may have different effects on HbA1c levels, bodyweight and postprandial glucagon levels in patients with T1DM \[[@CR17]\]. The most concerning side effects of GLP-1RAs are adverse gastrointestinal events, which were reported in most studies; however, most patients were able to tolerate these side effects.

Conclusions {#Sec9}
===========

Our meta-analysis provides support for an optional therapeutic regimen for patients with T1DM. Combination treatment with GLP-1RAs and insulin could achieve an ideal treatment effect on HbA1c levels, weight loss and bolus insulin dose in patients with T1DM. Furthermore, the therapy does not increase the risk of hypoglycemia. The side effects of GLP-1RAs are tolerated by most patients. Further studies are needed to investigate the treatment of T1DM patients with both GLP-RAs and insulin.
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